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Overnight fasting is a routine procedure before surgery in clinical settings.
Intermittent fasting is the most common diet/fitness trend implemented for
weight loss and the treatment of lifestyle-related diseases. In either setting,
the effects not directly related to parameters of interest, either beneficial or
harmful, are often ignored. We previously demonstrated differential activa-
tion of cellular adaptive responses in 13 atrophied/nonatrophied organs of
fasted mice by quantitative PCR analysis of gene expression. Here, we
investigated 2-day fasting-induced protein remodeling in six major mouse
organs (liver, kidney, thymus, spleen, brain, and testis) using two-dimen-
sional difference gel electrophoresis (2D DIGE) proteomics as an alterna-
tive means to examine systemic adaptive responses. Quantitative analysis
of protein expression followed by protein identification using matrix-
assisted laser desorption ionization—time-of-flight mass spectrometry
(MALDI-TOFMS) revealed that the expression levels of 72, 26, and 14
proteins were significantly up- or downregulated in the highly atrophied
liver, thymus, and spleen, respectively, and the expression levels of 32 pro-
teins were up- or downregulated in the mildly atrophied kidney. Con-
versely, there were no significant protein expression changes in the
nonatrophied organs, brain and testis. Upstream regulator analysis high-
lighted transcriptional regulation by peroxisome proliferator-activated
receptor alpha (PPARa) in the liver and kidney and by tumor protein/sup-
pressor p53 (TP53) in the thymus, spleen, and liver. These results imply of
the existence of both common and distinct adaptive responses between
major mouse organs, which involve transcriptional regulation of specific
protein expression upon short-term fasting. Our data may be valuable in
understanding systemic transcriptional regulation upon fasting in experi-
mental animals.

Fasting has been practiced for millennia in religious
ceremonies among Christians, Muslims (e.g., Rama-
dan), Buddhism, Jews, Hindus, and others, to reduce

Abbreviations

physical activities, resulting in a state of ‘quiescence’
like death. It has also been practiced in clinical
situations to prevent obesity, hypertension, asthma,

2D DIGE, two-dimensional difference gel electrophoresis; DTT, dithiothreitol; GIP, gastric inhibitory polypeptide; |IEF, isoelectric focusing;
IPG, immobilized pH gradient; MALDI-TOFMS, matrix-assisted laser desorption ionization—time-of-flight mass spectrometry; PPARa,
peroxisome proliferator-activated receptor alpha; PPREs, peroxisome proliferator response elements; TP53, tumor protein/suppressor p53.
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rheumatoid arthritis, and seizures [1,2]. Moreover, in
current clinical settings and basic research using ani-
mals, overnight fasting is a routine procedure before
surgical operations although its influences not directly
related to organs of interest or investigated parameters
are often ignored [3].

Maintaining adequate blood levels of glucose is pre-
requisite for energy metabolism in glucose-requiring
organs/cells including the brain, kidney, testis, and red
blood cells. Upon food deprivation, declining blood glu-
cose levels induce rapid secretion of glucagon and
decreased release of insulin, thereby activating hepatic
glycogenolysis although hepatic glycogen becomes
quickly (~ 24 h) depleted. If fasting continues, periph-
eral organs switch as the primary energy source from
glucose to fatty acids that are released from triacylglyc-
erol droplets in adipose tissues. However, some organs/
cells are unable to utilize fatty acids as an energy source,
and thus, the liver produces ketone bodies from fatty
acids so that such organs/cells can use them as a sec-
ondary energy source and save glucose. Meanwhile, glu-
coneogenesis from glucogenic amino acids of protein
origin and ketogenesis from ketogenic amino acids takes
place to maintain blood glucose and energy sources,
respectively. Several lines of evidence suggest that all
such biochemical adaptation to fasting is ‘transcription-
ally regulated’ in the liver. The transcriptional factor/
nuclear receptor proliferator peroxisome proliferator-
activated receptor alpha (PPARa) has been shown to
primarily mediate adaptive responses to fasting in the
liver [4-7]. In addition, tumor protein/suppressor p53
(TP53) has been shown recently to increase via posttran-
scriptional regulation in the liver upon fasting, thereby
mediating amino acid catabolism and gluconeogenesis
[8]. However, such transcriptional regulation upon fast-
ing has not been described in nonhepatic organs. More-
over, proteomic studies on the nonhepatic organs
during fasting have been unexpectedly limited [9,10]
although the impacts of fasting are often apparent in the
nonhepatic organs as we reported fasting-induced car-
dioprotection in mice [11].

In this study, we investigated the possible sources of
organ-specific transcriptional regulation upon fasting
using two-dimensional difference gel electrophoresis
(2D DIGE) proteomic approach. Although LC-MS/
MS became the mainstream for such proteomic analy-
sis in recent decades, conventional 2D DIGE continues
to be an important technology that enables rapid and
direct visualization of thousands of proteins and their
quantitative analyses [12—18]. Here, we report novel
transcriptional regulation in nonhepatic organs includ-
ing kidney, thymus, and spleen upon fasting for
2 days.
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Materials and methods

Animals

C57BL/6J mice were purchased from Japan SLC (Shizuoka,
Japan). Eight-week-old male mice were group-housed (4
mice per 470-cm” cage) in an air-conditioned room (24 °C)
kept on a 12-h dark/light (8 pm-8 am) cycle, and allowed
free access to water and a CE-2 standard dry rodent diet
(Clea Japan, Tokyo, Japan). In fasting experiments, mice
were deprived of the diet for 1 or 2 days between 2 pm and
2 pm (hereinafter referred to as F1 and F2 mice, respec-
tively). Ad libitum-fed (AL) mice were analyzed as controls.
After anesthetization by isoflurane inhalation, blood was col-
lected through the heart and the liver, kidney, thymus,
spleen, brain, and testis were quickly dissected out, snap-fro-
zen by liquid nitrogen, and stored at —80 °C. All animal pro-
cedures conformed to the Guide for the Care and Use of
Laboratory Animals, 8" Edition published by the US
National Research Council, and were approved by the Ani-
mal Care Committees of Keio University (No. 09187-[4-6])
or Showa Pharmaceutical University (No. P-2016-10).

Serum biochemistry

Serum levels of glucose and ketone bodies were measured
using a Drichem 7000i biochemistry analyzer (Fujifilm,
Tokyo, Japan) and an AutoWako Total Ketone Bodies
clinical assay kit (Wako, Osaka, Japan), respectively.
Serum levels of adiponectin, insulin, C-peptide 2, leptin,
resistin, and gastric inhibitory polypeptide (GIP; also
known as glucose-dependent insulinotropic polypeptide
[19]) were measured using Multiplex Biomarker Immunoas-
says for Luminex xXMAP technology (Millipore, Billerica,
MA, USA); Catalog Nos. MADPNMAG-70K-01 for adi-
ponectin; and MMHMAG-44k for other hormones. Quan-
titative analyses were performed using Luminex XPONENT
and MILLIPLEX Analyst 4.2 software.

2D DIGE

Each organ aliquot (50-100 mg) was homogenized
(4100 r.p.m., 30 s x 3, 4 °C) in ice-cold urea buffer (7 m
urea, 2 M thiourea, 4% CHAPS, 65 mm dithiothreitol
[DTT], 1 mm phenylmethylsulfonyl fluoride, and 1 mm
sodium orthovanadate) using a Micro Smash MS-100R
Beads Cell Disrupter (Tomy, Tokyo, Japan) and 5-mm-dia-
meter zirconia beads (Tomy). Homogenates were cen-
trifuged at 16 000 g for 5 min at 4 °C, and then, the
supernatants were centrifuged at 20 000 g for 25 min at
4 °C. Protein concentrations of the resultant supernatants
were determined using a Bio-Rad Protein Assay and bovine
serum albumin as a standard. All reagents used in this
study were of analytical grades from Wako (Tokyo, Japan)
or Sigma-Aldrich unless otherwise noted. 2D DIGE was
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performed as described previously [12-14]. Twenty-five pg
of protein (adjusted to pH 8.5 by adding 40 mm Tris/HCI
[pH 8.5]) was labeled with 200 pmol of CyDye (Cy2, Cy3,
or Cy5 minimal dye fluor [GE Healthcare]) for 30 min at
4 °C in the dark. A pool, to be used for calibration
between the gels, was generated from equal protein
amounts of all eight samples (n = 4 each for AL and F2
mice). The reaction was stopped by adding 0.5 pL of
10 mm lysine. Labeled samples were mixed, and DTT and
immobilized pH gradient (IPG) buffer (final 1% each) were
added for 10 min at 4 °C in the dark. The samples were
subjected to isoelectric focusing (IEF) in an Immobiline
DryStrip (18 cm, pH 3-10 NL [nonlinear], GE Healthcare)
that was rehydrated for 20 h in rehydration buffer (7 m
urea, 2 M thiourea, 2% Triton X-100, 13 mm DTT, 2.5 mm
acetic acid, 1% IPG buffer, and 5 p.p.m. bromophenol
blue) at 20 °C, using a CoolPhoreStar IPG-IEF Type-PX
system (Anatech, Tokyo, Japan). Once IEF was completed,
the strips were equilibrated for 30 min in equilibration buf-
fer (50 mm Tris/HCI [pH 6.8], 6 M urea, 2% SDS, 30% [v/
v] glycerol, 65 mm DTT, and 5 p.p.m. bromophenol blue),
followed by in alkylating buffer (equilibration buffer with
4.5% iodoacetamide instead of DTT) for an additional
15 min. The strips were sealed on the top of 12.5% PAGE
gels (140 x 140 x 1 mm; Perfect NT Gel S from DRC,
Tokyo, Japan) using 0.5% low-melting-point agarose in
Tris/glycine electrophoresis buffer. The second dimension
of protein separation was performed at a constant 200 V
using an ERICA-S high-speed electrophoresis system
(DRC). A total of four gels (for the comparisons between
AL (n=4) and F2 (n = 4)) were scanned at once for Cy2/
Cy3/Cy5 fluorescence using a Typhoon Trio image scanner
(GE Healthcare), and obtained images were integratively
analyzed using DeCyder 2D ver. 6.5 differential analysis
software (GE Healthcare).

Silver staining

For protein identification using MALDI-TOFMS, each tis-
sue homogenate sample (100150 pg) was subjected to 2D
PAGE (mentioned above) without CyDye labeling. To get
better resolutions, some samples were separated on larger
2D systems using longer strips (24 cm, pH 3-10 NL [non-
linear]) and larger PAGE gels (257 x 200 x 1 mm; Perfect
NT Gel W from DRC). After electrophoresis, the gel was
stained using a Silver Stain MS Kit (Wako).

MALDI-TOFMS analysis of trypsin digests

Gel pieces were excised from silver-stained gels, destained
with a mixture of destaining solutions A and B (Wako),
washed twice with deionized water and four times with
50 mM ammonium bicarbonate (NH4HCOj):acetonitrile
(1 : 1), dehydrated once with acetonitrile, twice alternately
rehydrated with 100 mm NH4HCO; and dehydrated with
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acetonitrile, and dried by vacuum centrifugation. Protein
samples in the gels were digested in 10 pL of trypsin solution
(0.1 pg of Trypsin Gold, Mass Spectrometry Grade [Pro-
mega] and 0.01% ProteaseMAX Surfactant, Trypsin Enhan-
cer [Promega] in 25 mm NH4HCO3;) by incubating at 50 °C
for 1 h. Trypsin digests were mixed with 3 pL of 2% trifluo-
roacetic acid, and 1 pL of samples was spotted onto a puFo-
cus MALDI plate (900 pm, 384 circles, Hudson Surface
Technology [Old Tappan, NJ, USA]) with an equal volume
of matrix solution, containing 10 mm a-cyano-4-hydroxycin-
namic acid in 1% trifluoroacetic acid/50% acetonitrile. Posi-
tive ion mass spectra were obtained using an AXIMA-CFR
plus (Shimadzu, Kyoto, Japan) in a reflectron mode. MS
spectra were acquired over a mass range of 700-4000 m/z
and calibrated using Peptide calibration standards (~ 1000—
3200 Da; Bruker Daltonics, Yokohama, Japan).

Database search for protein identification/
clarification and upstream regulator analysis

Proteins were identified by matching the peptide mass finger-
print with the Swiss-Prot protein database using the MAS-
COT search engine (Matrix Science, http://www.matrixscie
nce.com). Database searches were carried out using the fol-
lowing parameters: taxonomy, Mus musculus; enzyme, tryp-
sin; and allowing 1 missed cleavage. Carbamidomethylation
was selected as a fixed modification, and the oxidation of
methionine was allowed as a variable. The peptide mass tol-
erance was set at 0.5 Da, and the significance threshold was
set at P < 0.05 probability based values on Mowse Scores
(> 55). Protein classification by its biological process
involved and its molecular function was carried out using
the PANTHER (Protein ANalysis THrough Evolutionary
Relationships) clarification system (http://www.pantherdb.
org/), which is supported by a research grant from the
National Institute of General Medical Sciences [Grant
GMO081084] and maintained by the group led by Paul D.
Thomas at the University of Southern California. Upstream
regulator analysis was performed using Ingenuity Pathway
Analysis (IPA) software (Qiagen).

Statistical analysis

Data are expressed as mean + SD (n: sample numbers).
Statistical analysis was performed using one-way ANOVA
with Tukey’s multiple comparison test with Prism ver. 5.0c
software (GraphPad, La Jolla, CA, USA); P <0.05
denoted a significant difference.

Results

Protein expression changes in the liver

We first estimated the duration required to obtain
organ proteomic responses by fasting using serum
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biochemistry. One-day (water-only) fasting was suffi-
cient to maintain minimal levels of glucose, insulin, C-
peptide 2, leptin, and resistin; the levels generally
matched those in F2 mice, but, in contrast, the accu-
mulation of ketone bodies and GIP was much more
apparent in F2 mice (Fig. 1). Our exploratory 2D
DIGE analyses did not find apparent alterations in
hepatic protein expression in F1 mice (data not
shown), and additional (e.g., 3-day) fasting (that may
cause acute > 25% body weight loss) was not allowed
for ethical reasons in our university. Therefore, we
investigated global protein expression in various mouse
organs after 2-day fasting.

We reported previously that 2-day fasting of adult
C57BL/6J male mice causes 23.4% body and 32.2%
liver weight losses [20]. Despite such drastic alter-
ations, the marked activation of protein degradation
systems such as ubiquitin-proteasome and autophagy-
lysosome systems was not detectable by RT-PCR anal-
ysis of the liver, which highly contrasted with thymus,
another highly atrophied (54.7% weight loss) organ
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[20]. However, our 2D DIGE proteomic analyses
revealed substantial numbers of proteins were up- or
downregulated in the liver of F2 mice; for example,
among a total of 1824 protein spots identified in the
representative 2D gel (Fig. 2A), 214 (11.7%, red cir-
cles) and 178 (9.8%, green circles) spots were > 1.1-
fold up- and downregulated, respectively (Fig. 2B). By
comparative analysis between the four independent
gels using DeCyder software, we identified 34 signifi-
cantly upregulated proteins (P < 0.05, Table 1 and
Table S1 [Sheet A] for weblinks); these include key
enzymes in gluconeogenesis (phosphoenolpyruvate car-
boxykinase, cytosolic [Pckl (spot 1), the rate-limiting
enzyme of gluconeogenesis] and pyruvate carboxylase,
mitochondrial [Pc (spot 18)]), peroxisomal fatty acid -
oxidation (peroxisomal acyl-CoA oxidase 1 [Acoxl
(spot 10)]), ketogenesis (hydroxymethylglutaryl-CoA
synthase, mitochondrial [Hmgcs2 (spot 12, 12), the
rate-limiting enzyme of ketogenesis] [21,22]), pheny-
lalanine metabolism (phenylalanine-4-hydroxylase [Pah
(spot 9)] and homogentisate 1,2-dioxygenase [Hgd

Fig. 2. Fasting-induced protein remodeling in the liver. Fluorescent 2D DIGE was performed on liver homogenates from ad libitum-fed (AL)
and 2-day fasted (F2) mice. (A) Representative fluorescent gel image in which proteins upregulated by fasting are labeled in red and those
downregulated are in green. Approximate isoelectric points (p/) and molecular weights (MW, kDa) are indicated. (B) Quantitative profiling of
the above image using DeCyder software. Upregulated and downregulated (> 1.1-fold) protein spots are labeled in red and green,
respectively, with others in yellow. The x-axis represents log [(Fasted/AL) fold induction], and the y-axis represents spot signal intensity; the
red line represents spot number distribution, while the blue line its Gaussian approximation; and two black straight lines represent 1.1 and —
1.1 fold change. (C) The three highest scoring upstream regulators (PPARa, NR112, and PPARY) listed by Ingenuity Pathway Analysis (IPA)
of the samples from AL and F2 mice (n =4 each). Upregulated proteins with IDs identical to those in A and B are shown in red and
downregulated proteins are in green, and predicted relationships are indicated by various types of lines described in the panel. The numbers
in parentheses are the numbers of current publications reporting those relationships.
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methyl donor for hundreds of methyltransferases) syn-
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significantly downregulated proteins involved in fatty
acid synthesis (fatty acid synthase [Fasn (spot 37)]),

glycogenolysis (glycogen phosphorylase,
and glutathione

[Pygl (spot 40)],

liver form
conjugation

FEBS Open Bio 8 (2018) 1524-1543 © 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



Fasting induces protein remodeling through PPAR« and/or TP53

S. Kamata et al.

LL'9  Lezee L2/6 %CE 9 GLZYeT WIN 1sdin 661660 aselsjsueinyns a1eAniAdoldeslsw-¢ 8100 LT 14
eL'L LLLELL €e/9l %0¢ 06 LOBLTWIN pAdg 71X080 [(+)dQV¥N] eseusboipAysp eulpiuuAdoipAyld  €10°0 [T'L 144
|epuoyd0oll .ﬁc:Q:w
90'L €29 €L 65/8¢ %19 9lZ LEZBSGL WA eyps €42)180 uteloidoAeyy (suouinbign) eseusBolpAysep e1eupons 000 [T'L €C
Ge'8 00l LG ov/LL %GZ 8G  GLEBSTWIN 1eqy 22619d [BIPUOYOOHW ‘eselajsuelioulwe alelAinqoulue-y  2z0'0 8z'L 44
808 19l 98 GL/6 %EL €6 L8GYGL WA zooy 01660 [BLPUOYOOHW ‘OSEIRIPAY 81BHUODY  910°0 L1 [
0L'S  LES ¥§ 9z/81 %GE vl  8l98GE WA gLy 6/911d |eyolexs0lAD || 8dAY ‘uneiey 9100 Ge'L 0z
l6'G 880 19 8Y/5l %EE zL LLLLVWIN LpdsH 8€0€9d [eLpUOyYOOHW ‘ulelold Yooys 1esy ed¥ 09 8000 Ge'L 6l
G299 tveoel 0z/51L %9l 0CL  LLLTYEWIN od 208904 |elipuoyoolW ‘osejAxoaued eleAniAd  ¥00°0 ge'l 8l
166 18e S ge/LL %8T 88  LLLZTVEWIN yed 1£€91d ose|AxoIpAy-p-euluBlglAusyd €000 Ge'L 6
93’ 106 GE ze/51L %8¢ 86  ZGLGOE WA sody 922804 3 uiejoidodijody 8000 o'l Ll
€L TLT 89 8¢/6 %02 ZL 769067 WIN YL L£EZ9D asejolesuel]  $00°0 L 9L
G9'8  00€ /G /9l %6¢ L0l  LELBBZWIN  ZSoBwH 698%5d [eipUOyd0HUW ‘eseyiuAs yod-|Alein|BlAyrewAxolpAH  £00°0 za 2l
GL'S 00, 0L 8L/v¢ %S LLL SLLOLWIN qiv ¥2/10d ulwnge wnies €00 0g'L w8
18G  LOL €L ev/LL %GE 0L 6L¥60Z WA 6edsH [1798€d [elpuoyooHW ‘ulelold Q/-ssellS €000 1G°L Gl
|erpuoydoiw
r'9 059 €0l 98/et %9€ L LGO8L WIA| ssey L9X660 ‘aseyiuAs apAysp|eiwss oidipeouiwe-eydly 000 5L 7l
¥€'S  ¥6C 9L ze/51 %92 G8  [¥EG9TWIN gexuy ¥Z8¥Ld gy uixeuuy  €L0°0 GGl €l
G9'8  00€ /S 6z/cl %S¢ €0l LELBST WIN ZsoBbwH 69815d [epuoyooHW ‘eseyiuAs yod-lAeiniBiAyiewAxoipA €000 8G'L 4
L9 22 96 vL/€€ %Ly €3l 66928 WA [4CE 2428Gd Z Jo1oe) uonebuoly  zz00 63l Ll
¥9'8 000 GL 6e/el %LT €L  68995€ WIN X020y  OHOHY6D | ©SEPIXO ¥ BWAZUS0D-|A0E [BUIOSIXOI8d  €£00°0 29l ol
166 18e S 9e/zL %8T 8L  LLITYEWIN yed 1£€91d ose|AxoIpAy-p-euluelglAusyd 0100 €9'L 6
GL'S 00, 0L Gz/6 %8l 19 €LLILWIN qv ¥2.10d ulwnge wnies €200 08'L 8
1§G  1S0 v~ SL/L %2C 59 790¥ L WIN elleN €8X160 L-0dA} wlojos| eseyluAs suluolyiowiAsouspe-s 000 68l A
G/'G  00L0L  €Ll/ge %cS LGl E€LL9LWIN qiv ¥2410d ulwnge wnies  Gz0'0 [8'L 8
GL'G 00, OL LL/SL %6¢ 89l  €LL9LWIN qly ¥2LL0d uiwinge wnies 1100 68'L 8
98'9 92/ 0G L€/8 %LL 19 Zyv/SLWA PBH Lrgs00 eseusbAxolp-z'| eiesiusbowoy G000 z6'L L
69'L ¥ L6 ze/51 %LT 60l  68LLTWIN upbwg 619060 [elipuoydoW ‘eseusBoipAysp sudABlAylewIq  €00°0 €61 9
l§G  1S0 t¥ LL/OL %8¢ 90L Y90V L WA IR €8X160 L-odA} wlojos| eseyluAs suluolyiowiAsouspe-s 6000 ¥6°L W
6L'9 €z 8Y S6/77C %ES vl ¥69EL WA 120 8G/62d [BLIPUOYD0YIUI ‘OSEJa)SUBIIOUILE SUIYIUIO  0L0°0 16l g
899  ¥09 9 /e %09 Llz  6€06L WA 1309 10250d olwse|doiAo ‘eselsjsueiiouiwe eleuedsy 100 10'C ¥
LGS /6G 0¢ €z/9L %8Y Ll EVLOTWIN Leody €29000 |-y uteroidodijody €000 €0 €
1§G 190 ¥ £g/el %S¢ 79 7907 L WA IR €8X160 L-0dA} wiojos! seyiuAs suluolyiewlAsouspe-S €000 192 Z
19G  1G0 v¥ zele %VC 9L 907 L' WA R €8X160 L-9dA} wiojos| eseyluAs suluolyiowiAsouspe-s €000 99'C 14
8L'9 190 0L §9/L2 %09 18l /98997 WA 1%0d YAZZ6D  (d1D) 9110s01A0 ‘aseuniAxoquied eleAniAdiousoydsoyd  €00°0 €8¢ o
8L'9 150 0L 06/0€ %0G ZEL /98997 WIN 13od ¥AZZ6D  (dLD) 21|0s0lAd ‘eseuAxoqied eleaniAdiousoydsoyd  €00°0 63'C L
sulejoud paienbaidn
/d MIN  Seyolew  abeIsanod 9100s (| eusebiun oweu Q| oidiun SUleU UIBl0ld  8njeA4  ebueyo pjo4 | 10dg JeAr]
opnded edousnbeg  100selN aue9

“JOAI| @snow ul Buise} y-gf uodn sebueyd uoissaidxe uielold 'L a|qer

1529

FEBS Open Bio 8 (2018) 1524-1543 © 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.


http://www.uniprot.org/uniprot/Q9Z2V4
http://www.uniprot.org/uniprot/Q9Z2V4
http://www.uniprot.org/uniprot/Q91X83
http://www.uniprot.org/uniprot/Q91X83
http://www.uniprot.org/uniprot/Q00623
http://www.uniprot.org/uniprot/P05201
http://www.uniprot.org/uniprot/P29758
http://www.uniprot.org/uniprot/Q91X83
http://www.uniprot.org/uniprot/Q9DBT9
http://www.uniprot.org/uniprot/Q05BJ1
http://www.uniprot.org/uniprot/P07724
http://www.uniprot.org/uniprot/P07724
http://www.uniprot.org/uniprot/Q91X83
http://www.uniprot.org/uniprot/P07724
http://www.uniprot.org/uniprot/P16331
http://www.uniprot.org/uniprot/Q9R0H0
http://www.uniprot.org/uniprot/P58252
http://www.uniprot.org/uniprot/P54869
http://www.uniprot.org/uniprot/P14824
http://www.uniprot.org/uniprot/Q99K67
http://www.uniprot.org/uniprot/P38647
http://www.uniprot.org/uniprot/P07724
http://www.uniprot.org/uniprot/P54869
http://www.uniprot.org/uniprot/Q62371
http://www.uniprot.org/uniprot/P08226
http://www.uniprot.org/uniprot/P16331
http://www.uniprot.org/uniprot/P06802
http://www.uniprot.org/uniprot/P63038
http://www.uniprot.org/uniprot/P11679
http://www.uniprot.org/uniprot/Q99KI0
http://www.uniprot.org/uniprot/P61922
http://www.uniprot.org/uniprot/Q8K2B3
http://www.uniprot.org/uniprot/Q80XT4
http://www.uniprot.org/uniprot/Q99J99

S. Kamata et al.

Fasting induces protein remodeling through PPARa and/or TP53

89/ 99/ €T Zv/oL %Y €L T6T66TUWIN LdisH LG16Ld L1 9selajsuel)-g suolyleIND  910°0 8c'L— 73
95’9 96 8¢ 26 %S¢ 80l 08GLLE WA pios [4%4%4%°10) aseuabolpAyep [0HgI0S 6000 6EL— £g
G799  6L¥ 0€ 8¢/6 %6€ 99 8/¥88' WA updsy  zDOABD aseusbolpAyep eiepedse-18AlEING  910°0 6eL— 4]
¥9'S 209 66 L6/7S %9L 8€€  GE00E WA LI LYY 9A0HSD aseusboipAyep ole|ojoipAyenielAwio)-0L d10S0IA) €000 Ly L= LG
¥9'G  Z0S 66 6/L %6 29 GE00E WA Ll LUpPIY 9A0H8D aseusBoipAysp 81e|0joIpAYEIBIAWIOLQL D110SOIAD  9L10°0 - [Xe
€99 /G816 9e/ve %GE 691  926939Z WA IBAd 101360 wioy Jony| ‘esejAloydsoyd usBooAlD /100 - o4
8L'G /19 ¢€9 6/l %ET ¥6  ¥€5G6C WA BES9) 088€90 Ve osesdlsojAxoqued  zz0'0 evl— 0G
ey 9L 8Y 9e/zL %6¢ 08 LLBL WIN gD Lizyld unonelied 200 v L— Qv
009 890 0¢ av/el %8Y 801 667 WIN | 98601d aselajsuelljAylewy sulwejAyieiopu| 9000 - (514
6L'S 675 65 eL/LL %Ly 8L 8L79E€ WA pol4  ¥AXL6D aseujwesapoloAo-aselsjsuelijopiuliuod /1070 rL— 8y
vL'¥ €0, 6 L1z/zL %EL LG SLLL8WN  Lg06dsH €1180d uiwseidopug €000 or'L— Ly
[0S Z6Y CL €z/olL %9l 79 09L0€E WA gedsH 62002d urelold peleinbes-esoonib ey 82 6L0°0 ov'L— %
€y 9L 8y LL/6 %CT /8 LLBL WIN gD Lizyld unoieled 9100 Ly L= oy
|erpuoydoiw
00L 0l9 /2 €2/9 %9€ 8G 90CC WA ZMNPN 9raden 'z ueloidoneyy (suouinbign) eseusboipAyep HAQVYN 100 05'L— Gt
ZL'S  ove LLL ze/el %LL Gyl LZLOLLWIN LNoAH 9Yr6D | ueloud pajenBalidn eixodAH G000 €5’ L— 44
60G  €6v LY G6/1T %89 0EL  78SBZ WA yowsd S//¥Sd g9 Hungns AlolenBel esesloid S9z  £00°0 09'L— 54
68'9  €£9 67 6L/8 %Ly 98 00€ WIN €ie GL09Ld ¢ oselpAyue oluoqued  0L0°0 09'L— 4%
L0S  ¢6eY CL 9e/ve %Ly 20Z  0910g€ WA GedsH 62002d ueloud perenbel-esoonib gy 82 0700 09'L— L
€99 /G816 Lz/LL %L 99  9769SZ WIN IBAd 101360 wiioy Janl| ‘esejdioydsoyd usbooA|D €000 €9'l— oy
8L'G Lyl €9 Le/oL %8l 89  GOVSZZWIN  ¢dqusjes 9€8€£90 ¢ uieloud Bupuig-wniuses  #10°0 91— 6e
v.'S  99€ 29 69/LT %8G 88l  €86ZLZ WA BZS®D)  €4Z080 ezse) ose|jolpAy plolyleiAd  0€0°0 99'L— 8¢
€19 ¥66 vLC LeL/as %9€ 12T  €YY9ET WA use4 96061d 8seyluAs pioe Ale4 8000 88'L— LE
¥0'G  G€6 0T €z/8 %EY 6/  086LSY'WIN zdnin 6851 Ld Z ueyoud Areun JofelN £Z00 l0'z— GE
L06 9g6 €LL 6L/6 %8 LG LZ0OVFWIN  egpuusQ 8zdzL4 vz uteiold Buluieluoo-ulewop NN3Id  €00°0 8eC— 9e
¥0'S  9€6 0C 9g/L1L %LL 2GSl 086LG7 WIA zdnin 68GL1ld ¢ uteloud Aseuun JofelN %00 8G'C— ge
suleyoud paieinbaiumoq
829 ¥¥9 20l L9/81 %0C 8G  /9¥8LTWIN uples 191660 [eLpUOYOOHW ‘oseusBoipAyep eulsodles  0zZ0'0 yLL ve
€26 256 99 6l/8 %91l €9  YEVOVZ WIN LUy LX0Z60 lepuoyooW ‘| Jojoey Bulonpul-sisoldody G000 gL'l €e
|eljpuoyo0iW
9/'8  €l9ve 6¢/L %Ve 19 ¥9109Z WIN upeH 95/800 ‘aseusBoipAysp v 8WAzue00-|A0RAX0IPAH €000 9Ll 43
C9 606 Ly vz/9L %GE €EL  BLYZTWIN 8L ¥8£50d [B30[9XS03A0 | ©dA} ‘uneIey  9€0°0 6lL Le
L9 Z2ZC 96 G4/8¢ %EY 2GSl 664928 WIN [ACE] 25284d ¢ Jojoey uonebuoly  2z0'0 Lzl AL
8G9  ¥9C G G6/2e %CL 6EC  60L6EV WIN pdH 6CY6Yd aseuabAxolp ereaniAdiAusydAxoipAy-y  6€0°0 €Tl o€
8’9  8/81G L2/62 %9G Z6L 698 WIN sy 0IALBD aseA| ejeutponsouluibly  910°0 €Tl 6C
9Ly ¥LL TS 0L/L %LlT €9  LG99Er WIN L 162790 Z1 [e19[8xs0lA0 | 8dA) ‘unessy €100 vT'l 8C
87'S 20T €61 8L/zL %9 8G  88GYSZ WA o] 534890 L uleyd Anesy uuyield €000 Gz'L LT
9€'9  TLS LLL rv/81L %LL 08  87E9LZ WA upbO /65090 [epuoyoolW ‘eseusBoipAysp elelein|foxo-z  €00°0 Gz'L 9z
/d MIN  Seyolew  obeisnod 9100s (| ausbiun awleu Q) oudiun oWeU ulelold eneA4  ebueyd pjo4 | 10dS JeAl
opnded oouanbag  109SEIN VD)

‘(penunuo)) "L dlqeL

FEBS Open Bio 8 (2018) 1524-1543 © 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

1530


http://www.uniprot.org/uniprot/Q60597
http://www.uniprot.org/uniprot/Q68FD5
http://www.uniprot.org/uniprot/Q64291
http://www.uniprot.org/uniprot/Q91YI0
http://www.uniprot.org/uniprot/P49429
http://www.uniprot.org/uniprot/P58252
http://www.uniprot.org/uniprot/P05784
http://www.uniprot.org/uniprot/O08756
http://www.uniprot.org/uniprot/Q9Z0X1
http://www.uniprot.org/uniprot/Q99LB7
http://www.uniprot.org/uniprot/P11589
http://www.uniprot.org/uniprot/B7ZP28
http://www.uniprot.org/uniprot/P11589
http://www.uniprot.org/uniprot/P19096
http://www.uniprot.org/uniprot/Q8QZR3
http://www.uniprot.org/uniprot/Q63836
http://www.uniprot.org/uniprot/Q9ET01
http://www.uniprot.org/uniprot/P20029
http://www.uniprot.org/uniprot/P16015
http://www.uniprot.org/uniprot/P54775
http://www.uniprot.org/uniprot/Q9JKR6
http://www.uniprot.org/uniprot/Q9D6J6
http://www.uniprot.org/uniprot/P14211
http://www.uniprot.org/uniprot/P20029
http://www.uniprot.org/uniprot/P08113
http://www.uniprot.org/uniprot/Q91XD4
http://www.uniprot.org/uniprot/P40936
http://www.uniprot.org/uniprot/P14211
http://www.uniprot.org/uniprot/Q63880
http://www.uniprot.org/uniprot/Q9ET01
http://www.uniprot.org/uniprot/Q8R0Y6
http://www.uniprot.org/uniprot/Q8R0Y6
http://www.uniprot.org/uniprot/Q9DCQ2
http://www.uniprot.org/uniprot/Q64442
http://www.uniprot.org/uniprot/P19157

Fasting induces protein remodeling through PPAR« and/or TP53

S. Kamata et al.

[8G 190 €S Le/zL %GC 70l 89G96L WA Ldquejes €96/ 1d | uisloud Buipuig-wniuees €00 LU= zL
vv'8 /0 9¢ 89/91 %0G G/  880V0E WA Upden 8G891d aseusBboipAysp ereydsoyd-g-epAyepleloddln /200 yLL— L.
L. 190 9T 6v/Lc %LL 69l  66LLEWN LwisH 67901d L oselojsuest-g suolylEIND 6000 8l'L— oL
G7'9 8%z €8 79/61 %9¢ 6L  ¥886GT WIN N zee9ld [BHPUOYOOHW ‘8SeInU YO-JAuojew|Ayialn 1100 8L'L— 69
vv'8 165 89 96/5¢ %61 €L G8898E WIN T¥SOV  8MOASD  [eupuoyoolw 'z Jequisw Ajiuie) eseleyiuAs wod-Aoy 800 8l'l— 89
97’8  06¢€ Z¢ L2/6 %Ly 06 6260€" WA Lxpid 00£G€d L-uixopalixoled 6000 0C'L— /9
€L 16986 LLILE %ZS €2C [¥SLECWIN Looy L/z82d osejeipAy e1eHuooe Olwse|dolA)  BE00 A 99
Ll €¥0 09 Le/zl %CT GLL Slzy WA 1) €Cv0Ld aseele) €200 L G9
169 99V LL zelL %6G 29 09ZL WA ZOWN 89/100 g eseuny eleydsoydip episosoNN  €00°0 €Tl— ¥9
689  €£9 67 €8/51 %E9 68 00€' WA gied GL09ld ¢ oseipAyue oluoque) 6100 e L— v
8/'G  /19¢€9 Lz/8 %9l 19  ¥EGG6T WIN BES9) 088€90 vE oselalse|Axoqie) 9700 YT L= 08
609 996 € 8L/0L %EE G0l 00lOg'WIN oeeH €1reL0 aseusbAxolp-y'c olejlueIyiueAXoIPAY-E G000 9z’ L— €9
¥Z'S 196 02 L8/ElL %99 66  ¥86l9Z'WIN Lo|D  0NdD6D aseA| suolyiein|bjAoloe ] 0L0°0 8C'L— 29
L6'S  €8L LS 9z/6 %02 8G  88LLYTWIN Akle) 71€08d eleq Hungns | ueloid xe|dwod-1 G000 6CL— 19
0.9 0z8 LOL LL/ze %EY 89l  ¥8G6Z WIN LPIYHA 80260 olwse|doiho ‘eseyiuhs elejojoipAyenel-1-)  ¥£00 6C'1— 09
L' 99€ 29 8/9 %EL €9  €86CLTWIN BZS9)  €4708D BZS9) 9SB|0IPAY PIOIYIBIAd €200 0e'L— 8E
6% LLG €8 Lz/elL %61 68 08LZ'WIN  LgeoedsH 66vLld 2180-06 JSH uleloid 3ooys 1eeH 6000 LeL— 65
LL'9  ¥€0 29 L9/LL %9€ 0Ll €08z6Z WIN pLse) 71080 al esessissjAxoqie)d 100 450 85
GL'G 668 €€ 64/0¢ %LL z61 8LLZ WA uby ¥/£¥90 upeonbey /€00 4o LG
€S 9696 G€ Gl/g %LlT GG €900VY WA L¥Bipd  6MAM08D L uie104d Buiureluod-uiewop ¥94aAd  S00°0 450 9%
89/ 99/ €C LY/l %ES [8  TBIB6TUWIN Ldisp LGl6Lld L1 9selajsuel)-g duOIYeIND  600°0 eel— VS
88'G 660 LS ev/6l %Ly Lyl £L1€9C WIN gelpd €L412d €V 9SeIsWOosI-epIYNsIp UIdlold  900°0 9e'L— ele}
¥9'S  Z0S 66 L€/8T %8€ GEZ  GE00E WIN LI LUpIY 9A048D aseusBoIpAysp 81e|0joIpAYeISHAWIOLQL D1|0SOIAD  700°0 LEL— ulG
/d MIN  Seyolew  abeIsn0d 2100s (| ausbiun aweu ] oidiun oWEeU ulelold eneA4  ebueyd pjo4 | 10dS JeA
opnded eousnbeg  100sel aueD

‘(PenuRuO)) “L BjgeL

1531

FEBS Open Bio 8 (2018) 1524-1543 © 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.


http://www.uniprot.org/uniprot/Q8R0Y6
http://www.uniprot.org/uniprot/P27773
http://www.uniprot.org/uniprot/P19157
http://www.uniprot.org/uniprot/Q80WW9
http://www.uniprot.org/uniprot/Q64374
http://www.uniprot.org/uniprot/Q8VCT4
http://www.uniprot.org/uniprot/P11499
http://www.uniprot.org/uniprot/Q8QZR3
http://www.uniprot.org/uniprot/Q922D8
http://www.uniprot.org/uniprot/P80314
http://www.uniprot.org/uniprot/Q9CPU0
http://www.uniprot.org/uniprot/Q78JT3
http://www.uniprot.org/uniprot/Q63880
http://www.uniprot.org/uniprot/P16015
http://www.uniprot.org/uniprot/Q01768
http://www.uniprot.org/uniprot/P70423
http://www.uniprot.org/uniprot/P28271
http://www.uniprot.org/uniprot/P35700
http://www.uniprot.org/uniprot/Q8VCW8
http://www.uniprot.org/uniprot/P16332
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC.html
http://www.uniprot.org/uniprot/P16858
http://www.uniprot.org/uniprot/P17563

Fasting induces protein remodeling through PPARa and/or TP53

(glutathione S-transferases, ml [Gstpl (spot 54)]), and
pl [Gstml (spot 70)] (Table 1 and Table S1 [Sheet A]).

Proteomic data analysis using IPA software revealed
PPARa (= PPARA) as the highest scoring upstream
regulator, followed by nuclear receptor subfamily 1
group I member 2 (NR112; also known as PXR [preg-
nane X receptor]) and peroxisome proliferator-acti-
vated receptor gamma (PPARG = PPARY) (Table S2
[Sheet A]). Among multiple PPARa-regulated proteins
[23,24], a total of 20 up- or downregulated proteins
were identified (Fig. 2C). Moreover, among NRI1I2-
and PPARy-regulated proteins, 10 and 14 up- or
downregulated proteins were identified, respectively
(Fig. 2C), some of which might contribute to their rel-
atively high scores (Table S2 [Sheet A]). In addition,
TP53 was listed as the fourth highest scoring regulator
in the liver by regulating expression of 19 proteins
(Table S2 [Sheet A]).

Protein expression changes in the kidney

Two-day fasting induced 18.6% kidney weight loss
with no or mild activation of protein degradation sys-
tems in our previous RT-PCR analysis [20]. Proteomic
analysis revealed a total of 1633 spots in the represen-
tative 2D gel (Fig. 3A), of which 45 (2.76%, red
circles) and 44 (2.69%, green circles) spots were > 1.1-
fold up- and downregulated, respectively (Fig. 3B). We
identified only 12 significantly upregulated proteins in
the kidney of F2 mice, which included Pckl (spot 1),
Acoxl (spot 3), and apolipoprotein A-I (Apoal, spot
4), just like in the liver (Table 2 and Table S1 [Sheet A
and B]). We also identified 20 significantly downregu-
lated proteins in the kidney; most of them (except cal-
reticulin [Calr (spot 15)] and endoplasmin [Hsp90bl
(heat shock protein 90 kDa beta member 1, spot 16)])
were not apparently changed in the liver (Table 2 and
Table S1 [Sheet A and B]). Nevertheless, the upstream
regulator analysis revealed PPARa as the second high-
est scoring upstream regulator after ATF6 (activating
transcriptional factor 6) and followed by KLFI15
(Kriippel-like factor 15) (Fig. 3C and Table S2 [Sheet

B)).

Protein expression changes in the thymus and
spleen

Two-day fasting induced marked weight loss in both
the thymus and spleen (54.7% and 41.2%, respec-
tively) although protein degradation systems were only
found to be highly activated in the thymus but not in
the spleen [20]. In a representative 2D gel, among a
total of 1874 spots detected in the thymus (Fig. 4A),
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54 (2.88%, red circles) and 67 (3.57%, green circles)
spots were found to be up- or downregulated, respec-
tively (Fig. 4B). We identified 10 and 16 significantly
up- and downregulated proteins in the thymus, respec-
tively; the former includes several structural proteins
such as keratin, collagen, annexin, actin, and moesin
(Table 3 and Table S1 [Sheet C]). Upstream regulators
included MYCN (v-myc myelocytomatosis viral-related
oncogene, neuroblastoma derived [avian]), TP53, and
huntingtin (HTT) in this order (Fig. 4C and Table S2
[Sheet C]). In a representative 2D gel, among a total
of 1861 spots detected in the spleen (Fig. 5A), 42
(2.26%, red circles) and 34 (1.83%, green circles) spots
were found to be up- or downregulated, respectively
(Fig. 5B). We could identify only five and nine signifi-
cantly up- and downregulated proteins in the spleen,
respectively (Table 4 and Table S1 [Sheet D]),
although the upstream regulators included TP53 with
the highest score, followed by nuclear factor of
NFKBIA (kappa light polypeptide gene enhancer in
B-cell inhibitor, alpha) and RARB (retinoic acid recep-
tor, beta) (Fig. SC and Table S2 [Sheet D]).

When differentially expressed proteins (upon fasting)
were classified by the biological processes involved and
molecular functions using PANTHER software, both
classification patterns were quite similar between the
liver and kidney and between the thymus and spleen
(Fig. 6).

Protein expression changes in the brain and
testis

Two-day fasting induced only 2.7% and 9.2% weight
losses in the brain and testis, respectively [20]. No
apparent protein degradation systems were found to
be activated in either organ in our previous RT-PCR
analysis [20]. In representative 2D gels, among a total
of 2189 spots detected in the brain (Fig. 7A), 360
(16.4%, red circles) and 337 (15.4%, green circles)
spots were found to be up- or downregulated, respec-
tively (Fig. 7B), and among a total of 2301 spots
detected in the testis (Fig. 7C), 184 (8.0%, red circles)
and 249 (10.8%, green circles) spots were found to be
up- or downregulated, respectively (Fig. 7D). How-
ever, the DeCyder comparative analysis of four AL
and four F2 brain (and testis) samples revealed no
consistent alterations in protein expression.

Discussion

This study investigated global protein expression
changes in six major mouse organs upon 2-day fasting.
After 1- or 2-day fasting, blood levels of glucose,
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Fig. 3. Fasting-induced protein remodeling in the kidney. Fluorescent 2D DIGE was performed on kidney homogenates from ad libitum-fed
(AL) and 2-day fasted (F2) mice. (A) Representative fluorescent gel image in which proteins upregulated by fasting are labeled in red and those
downregulated are in green. (B) Quantitative profiling of the above image using DeCyder. (C) The three highest scoring upstream regulators
(ATF6, PPARa, and KLF15) listed by IPA of the samples from AL and F2 mice (n = 4 each). Refer to Fig. 2 legend for detailed information.

compared with the levels in AL mice (67.1%, 61.3%,
and 66.3%, respectively [Fig. 1]). Moreover, the levels
of two adipose-derived peptide hormones, leptin (the

insulin, and C-peptide 2 (another component of proin-
sulin [insulin + C-peptide 2] that has its own physio-

logical properties [25]) were significantly reduced
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Fig. 4. Fasting-induced protein remodeling in the thymus. Fluorescent 2D DIGE was performed on thymus homogenates from ad /libitum-fed
(AL) and 2-day fasted (F2) mice. (A) Representative fluorescent gel image in which proteins upregulated by fasting are labeled in red and those
downregulated are in green. (B) Quantitative profiling of the above image using DeCyder. (C) The three highest scoring upstream regulators
(MYCN, TP53, and HTT) listed by IPA of the samples from AL and F2 mice (n = 4 each). Refer to Fig. 2 legend for detailed information.

pleiotropic hormone of satiation signals/energy expen-
diture [26,27]) and resistin (the hormone that may ‘re-
sist” insulin actions [28]), were decreased to the same

extent in F1 and F2 mice (Fig. 1). In contrast, ketone
bodies and GIP became more accumulated in F2 mice
(Fig. 1). High accumulation of ketone bodies may
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Fig. 5. Fasting-induced protein remodeling in the spleen. Fluorescent 2D DIGE was performed on spleen homogenates from ad libitum-fed
(AL) and 2-day fasted (F2) mice. (A) Representative fluorescent gel image in which proteins upregulated by fasting are labeled in red and
those downregulated are in green. (B) Quantitative profiling of the above image by DeCyder. (C) The three highest scoring upstream
regulators (TP53, NFKBIA, and RARB) listed by IPA of the samples from AL and F2 mice (n = 4 each). Refer to Fig. 2 legend for detailed
information.
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Fasting-regulated proteins in the liver, kidney, thymus, and spleen are categorized by ‘biological process’ or ‘molecular function’ using

PANTHER software.

reflect a progressive systemic energy shift from glucose
to ketone bodies. GIP is a polypeptide inhibitor of
gastric acid secretion and acts as an affective promotor
of insulin secretion [29]; therefore, its elevation could
be a delayed compensatory action against low plasma
levels of insulin (Fig. 1). These data indicated some-
what altered systemic conditions between F1 and F2
mice. We identified 72, 26, 14, and 32 proteins that
were significantly up- or downregulated in the liver,
thymus, spleen, and kidney of F2 mice, respectively,
but significant expression changes were not found in
F1 mice (data not shown).

Previous studies demonstrated the pivotal roles of
PPARo in mediating adaptive responses to fasting in
the liver (Fig. 2C and Table S2 [Sheet A]), as observed
in the present study; PPARa positively regulates gluco-
neogenesis, peroxisomal/mitochondrial B-oxidation,
fatty acid transport, and ketogenesis and also nega-
tively regulates glycolysis, amino acid metabolism, and
inflammation, by binding to specific nucleotide
sequences known as peroxisome proliferator response
elements (PPREs) in the promoter regions of target
genes [23,24]. PPARa-knockout mice have been shown
to display several dysregulated responses such as sev-
ere hypoglycemia, hypoketonemia, elevated plasma
free fatty acid levels, and fatty liver upon fasting [4,5].
Accordingly, we found hepatic upregulation of

FEBS Open Bio 8 (2018) 1524-1543 © 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

enzymes involved in gluconeogenesis (Pckl and Pc),
lipid B-oxidation (Acoxl), ketogenesis (Hmgcs2), and
downregulation of the enzymes involved in fatty acid
synthesis (Fasn) and glycogenolysis (Pygl) (Fig. 2C,
Table 1, and Table SI [Sheet A]). Although all genes
encoding these ‘upregulated’ proteins have been shown
to contain PPREs in their promoter regions [30-34]
and thus can be activated directly by ligand-bound
PPARa, the suppression of Fasn and Pygl expression
could be caused by a secondary mechanism such as
low plasma levels of insulin [35,36].

PPARa is activated by both endogenous and syn-
thetic ligands; the former includes long-chain polyun-
saturated fatty acids and eicosanoids such as
leukotriene B, and the latter includes fibrates such as
fenofibrate, bezafibrate, and clinofibrate, the drugs for
the treatment of hypertriglyceridemia [24]. Endogenous
ligand activation of PPARa could occur in other
PPARo-expressing organs such as kidney and heart
[37] because large amounts of free fatty acids enter the
systemic circulation during fasting. Indeed, we found
PPARu regulation of nine proteins in the kidney of F2
mice (Fig 3C and Table S2 [Sheet B]) although the
regulatory genes and directions were not necessarily
identical to the liver (Figs. 2C and 3C). The upstream
regulator analysis listed NR112 and PPARY as the sec-
ond and third highest scoring transcriptional
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Fig. 7. Fasting-induced protein remodeling in the brain and testis. Fluorescent 2D DIGE was performed on brain (A and B) and testis (C and
D) homogenates from ad libitum-fed (AL) and 2-day fasted (F2) mice. (A and C) Representative fluorescent images, in which proteins
upregulated by fasting are labeled in red and those downregulated are in green. (B and D) Quantitative profiling of the above images using

DeCyder software. Refer to Fig. 2 legend for detailed information.

regulators, respectively, but their P-values were much
(7-8 orders) higher than PPARa (Fig. 2C and
Table S2 [Sheet A]). Expression of PPARYy was rather
restricted to adipose tissue and the immune systems,
and its hepatic expression was shown to be extremely
low compared with PPARa in adult rats [37].

The highest scoring regulator in the kidney of F2
mice was ATF6, which could regulate the expression
of five proteins (Fig. 3C): Calr, Hsp90bl1, Pckl (spot 1),
Acox1 (spot 3), and Cpt2 (carnitine O-palmitoyltrans-
ferase 2, mitochondrial; spot 6; an enzyme involved in
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acyl transfer across the mitochondrial inner membrane
for B-oxidation in the matrix) (Fig. 3A,B, Table 2, and
Table S2 [Sheet B]). Although the upregulation of
Pck1/Acox1/Cpt2 was common between liver and kid-
ney, the two major organs for both gluconeogenesis
and B-oxidation (Figs. 2C and 3C), the downregula-
tion of Calr and Hsp90bl was rather kidney-specific,
which may place ATF6 upstream of PPARa in IPA
analysis (Table S2 [Sheet B]). ATF6 is an endoplasmic
reticulum stress-regulated transmembrane transcrip-
tional factor that is activated by its proteolytic
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cleavage with site 1 and site 2 proteases; the resultant
cytosolic portion translocates to the nucleus, binds to
ER stress response elements, and induces ER stress-
responsive genes [38]. Recent evidence indicates that
the interruption of hepatocellular autophagy attenu-
ates the ATF6-mediated unfolded protein response
[39]; thus, conversely, renal autophagy during fasting
might induce ATF6 activation. In addition, KLF15, a
member of the Kriippel-like family of transcriptional
factors, has been shown to regulate gluconeogenesis
and KLF15-deficient mice displayed severe hypo-
glycemia after overnight fasting [40]; accordingly, 2-
day fasting induced KLFI15 in two gluconeogenic
organs, the liver (71st highest score) and the kidney
(third highest score) (Table S2 [Sheet A and B]).

The other major finding of this study was TP53-
mediated transcriptional regulation in the thymus,
spleen, and liver; TP53 was listed as the second, first,
and fourth highest scoring upstream regulator, respec-
tively (Figs. 4C and 5C; Table S2 [Sheet A, C, and
D]). TP53 has been described as ‘the guardian of the
genome’ because it regulates ‘thousands [41]" of target
genes to prevent genome mutation and is encoded by
the most frequently mutated gene in human cancer;
however, TP53 also regulates multiple cellular
responses including autophagy [42], inflammation,
pluripotency, and energy metabolism [43,44]. A recent
study mentioned that fasting robustly increases (stabi-
lizes) TP53 in the mouse liver via hepatocyte autono-
mous and AMP-activated protein kinase-dependent
posttranscriptional mechanisms, thereby regulating
gluconeogenesis and amino acid catabolism [§]. In
addition, TP53-deleted mice became hypoglycemic
and showed defective utilization of hepatic amino
acids upon fasting [8]. Of note, TP53 regulated some-
what different sets of genes in the thymus and spleen.
Two-day fasting upregulated five proteins (Krt8/18
[keratin, type II cytoskeletal 8/18], Anxa4 [annexin
A4], Actb [actin, cytoplasmic 1], Serpinb6 [serpin B6],
and Gsn [gelsolin]), and downregulated five proteins
(Hsp90abl1 [heat shock protein HSP 90-beta], Actnl
[alpha-actinin-1], Hspdl [60 kDa heat shock protein,
mitochondrial], Hspa8 [heat shock cognate 71 kDa
protein], Rpsa [40S ribosomal protein SA], and Ldha
[L-lactate dehydrogenase A chain]) in the thymus
(Fig. 4C, Table 3, and Table S1 [Sheet C]). In con-
trast, the fasting upregulated five proteins (Apoal
[apolipoprotein  A-I], Krt8, Gstm5 [= Gstml, glu-
tathione S-transferase Mu 1], Ada [adenosine deami-
nase], and Actnl/4 [mixtures of alpha-actinin 1/4],
and downregulated six proteins (Hsp90ab/aal [mix-
tures of heat shock protein HSP 90-beta/alpha], Stat
1 [signal transducer and activator of transcription 1],

Fasting induces protein remodeling through PPAR« and/or TP53

Ezr [ezrin], Rpsa, Krtl8, and Aco2 [aconitate hydra-
tase, mitochondrial] in the spleen (Fig. 5C, Table 4,
and Table S1 [Sheet D]). In the spleen, nearly half of
the proteins with altered expression during fasting
were TPS53 target gene proteins, which may place
TP53 at the top of the upstream regulator lists
(Table S2 [Sheet D]). Furthermore, TP53 regulation
of 12 proteins (among 19 proteins identified) was
liver-specific (Table S2 [Sheet A]). Fasting/calorie
restriction has been also shown to reduce age-related
diseases including cancer [45]; and therefore, fasting-
induced TP53 regulation could be involved in such
systemic tumor suppression.

MYCN and HTT were listed as the first and third
highest scoring upstream regulators in the thymus
(Fig. 4C), where NFKBIA and RARB were as the sec-
ond and third highest scoring upstream regulators in
the spleen (Fig. 5C). However, they only regulated
only 6, 7, 5, and 3 proteins, respectively, in the IPA
analysis, and their physiological roles await further
investigations. In conclusion, this proteomic study
revealed protein remodeling in response to fasting in
the mouse liver, kidney, thymus, and spleen that could
be transcriptionally regulated by PPARa and/or TP53.
These findings could open new perspectives to under-
stating the systemic effects of single fasting in animal
experiments.
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Table S1. (A) Liver: Differentially expressed proteins
upon 2-day fasting identified by 2D DIGE and
MALDI-TOF/MS analyses. (B) Kidney: Differentially
expressed proteins upon 2-day fasting identified by 2D
DIGE and MALDI-TOF/MS analyses. (C) Thymus:
Differentially expressed proteins upon 2-day fasting
identified by 2D DIGE and MALDI-TOF/MS analy-
ses. (D) Spleen: Differentially expressed proteins upon
2-day fasting identified by 2D DIGE and MALDI-
TOF/MS analyses.

Table S2. (A) Liver: Upstream regulator analysis of
differentially expressed proteins upon 2-day fasting by
Ingenuity Pathway Analysis (IPA). (B) Kidney:
Upstream regulator analysis of differentially expressed
proteins upon 2-day fasting by Ingenuity Pathway
Analysis (IPA). (C) Thymus: Upstream regulator anal-
ysis of differentially expressed proteins upon 2-day
fasting by Ingenuity Pathway Analysis (IPA). (D)
Spleen: Upstream regulator analysis of differentially
expressed proteins upon 2-day fasting by Ingenuity
Pathway Analysis (IPA).
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